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ABSTRACT 
 
 The extracellular matrix (ECM) offers a protective shelter for cells and provides 
signaling paths important for cell to cell communication. ECM consists of basement 
membranes (BM) and interstitial matrix. BMs provide mechanical support for 
parenchymal cells, influence cell proliferation, survival, migration and 
differentiation. They are also important for tissue integrity. Laminins (LM) are the 
major non-collagenous component of BMs. Cell-ECM interactions, mediated by 
receptors, are indispensable during embryonic development, wound healing, 
remodeling and homeostasis of tissues. The integrins are the major cell-adhesion 
receptors. The expression of �11 integrin chain in the cornea is of great interest, as it 
is part of the �11�1 integrin receptor for collagen type I, the predominant component 
of the corneal stroma. 
 The aims were to thoroughly characterize the ECM in the developing and adult 
human eye, with particular focus on the cornea, LM and �11 integrin chains, and to 
examine �11 integrin chain in an animal model of corneal wound healing and 
remodeling. 
Human fetal eyes, 9-20 weeks of gestation (wg), and adult human corneas with 
different diagnosis were treated for immunohistochemistry with specific antibodies 
against LM and �11 integrin chains. Normal and knockout (ko) mice were treated 
with laser surgery to create a deep wound in the corneal stroma. The wound healing 
process was followed at different time points. The cellular source of �11 integrin chain 
was studied in cell cultures. 
 In the fetal eyes, the BM of the corneal epithelium, the Descemet’s membrane 
(DM) and the Bruch’s membrane each had their specific combinations of LM chains 
and time line of development, whereas the lens capsule and the internal limiting 
membrane showed constant LM chain patterns. 
The epithelial BMs of normal and diseased adult corneas contained similar LM 
chains. The normal morphology of the epithelial BM was altered in the different 
diseases, particularly when scarring was present. In the scarred keratoconus corneas 
there were excessive LM chains. The majority of keratoconus corneas also expressed 
extra LM chains in the DM.  
At 10-17 wg �11 integrin chain was present in the human corneal stroma, especially in 
the anterior portion, but it was scarce at 20 wg, in normal adult corneas and in Fuchs’ 
endothelial dystrophy. In contrast, it was increased in the anterior portion of the 
stroma in keratoconus corneas with scarring. �11 integrin ko mice had a defective 
healing with subsequent thinner corneas. �11 integrin expression correlated to the 
presence of �-smooth muscle actin in vivo as well as in vitro. 
 The distinct spatial and temporal patterns of distribution for �11 integrin and 
each of the LM chains suggest that they play an important role in human ocular 
differentiation. The selectively affected LM composition and the novel expression of 
�11 integrin chain in scarred keratoconus corneas as well as the pathologic healing in 
ko mice, indicate that �11 integrin and LM chains also play an important role in the 
process of corneal healing, remodeling and scarring and might participate in the 
pathogenesis of corneal disease. This knowledge is of practical importance for future 
topical therapeutic agents capable of modulating the corneal wound healing 
processes.  
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SVENSK SAMMANFATTNING 
 
Extracellulära matrix (ECM) är livsviktigt för flercelliga organismer. Det bäddar in 
cellerna och ger dem ett skyddande hölje samtidigt som det hjälper dem att 
kommunicera med varandra. ECM består av basalmembraner (ytterhöljen) och 
interstitiellt matrix (“cement” mellan cellerna). Basalmembraner erbjuder mekaniskt 
stöd för vävnadsceller, påverkar cellernas förökning, överlevnad, förflyttning och 
utmognad samt bidrar till vävnadens specificitet. Lamininerna är de mest 
förekommande icke-kollagena byggstenarna i basalmembranen. Samspelet mellan 
celler och ECM, som förmedlas av särskilda receptorproteiner, är absolut nödvändigt 
under fosterutveckling, sårläkning och vävnaders balans (homeostas). De 
huvudsakliga receptorerna för kontakten mellan celler och ECM utgörs av integriner. 
Av dessa är �11 integrin kedjans närvaro i hornhinnan av särskilt intresse eftersom 
den är en del av receptorproteinet för kollagen typ I (den dominerande molekylen i 
hornhinnan). 
Syftet med våra studier var att noggrant kartlägga utbredningen av ECM i ögat både 
under fosterutvecklingen och hos vuxna. Vi har särskilt intresserat oss för lamininer 
och �11 integrin. Fosterögon och hornhinnor från vuxna människor som genomgått 
hornhinnetransplantation har behandlats med specifika antikroppar mot både 
lamininer och �11 integrin och därefter undersökts i mikroskop. Vi har även 
undersökt �11 integrin i en djurmodell för ärrläkning i hornhinnan. Normala möss 
och möss som saknade �11 integrin har behandlats med laser för att skapa ett sår i 
hornhinnan, varefter sårläkningen studerats. Vidare har vi undersökt hur �11 integrin 
regleras på cellnivå. 
Våra studier visade att basalmembranen i fosterögonens hornhinnor och i Bruch’s 
membran i näthinnan hade sin specifika kombination av laminin kedjor med den 
gemensamma nämnaren att laminin �1 kedjan saknades från tjugonde fosterveckan. 
Linskapseln och näthinnans inre basalmembran hade likadant laminin mönster i alla 
åldrar. Epitelets basalmembran i både normala och sjuka hornhinnor innehöll 
samma laminin kedjor. Basalmembranens utseende var förändrat vid olika 
sjukdomar speciellt om det fanns ärr i hornhinnan. Hornhinnor med keratokonus (en 
av de undersökta sjukdomarna) och ärr innehöll extra laminin kedjor och flertalet 
hade också extra laminin kedjor i hornhinnans inre basalmembran. Vid 10-17 
fosterveckor fanns �11 integrin i mänskliga hornhinnestromat, ffa i den främre delen. 
Vid 20 fosterveckor, i normal vuxen hornhinna och vid Fuchs’ hornhinnesjukdom var 
immunhistokemiska färgningen svag. Den främre delen av hornhinnestromat i de 
ärriga keratoconus ögonen var istället kraftigt färgad. I djurmodellen för 
hornhinneläkning sågs en defekt läkning som gav tunnare hornhinnor hos mössen 
som saknade �11 integrin.  
 
Sammanfattningsvis talar den tydliga utbredningen av �11 integrin i hornhinnan och 
de olika laminin kedjorna i ögats basalmembran för att de spelar en viktig roll vid 
människoögats utveckling. Den förändrade laminin sammansättningen, förekomsten 
av �11 integrin i keratoconusärr och den störda läkningen av skadade hornhinnor hos 
möss som saknar �11 integrin, tyder på att �11 integrin och laminin kedjor spelar en 
viktig roll vid läkning av sår i hornhinnan och att de har betydelse för 
sjukdomsprocesser i hornhinnan. Denna kunskap är särskilt viktig vid utvecklingen 
av framtida ögonläkemedel med syfte att förbättra läkning och förhindra 
hornhinnesjukdom. 



 6 

ABBREVIATIONS 
 
ab  Antibody 

BKP  Bullous keratopathy 

BM  Basement membrane 

BrM  Bruch’s membrane 

DLKP  Deep lamellar keratoplasty 

DM  Descemet’s membrane 

ECM  Extracellular matrix 

ILM  Internal limiting membrane   

ko  Knockout 

LM  Laminin 

RPE  Retinal pigment epithelium 

PRK  Photorefractive keratectomy 

�-SMA  Alpha smooth muscle actin 

TGF-�  Transforming growth factor beta 

wg  Weeks of gestation 
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INTRODUCTION 
 
Vision is usually perceived as the most important of all human senses. Visual 
perception relies upon the optics of the eye for optimal stimulation of the retinal 
photoreceptors. The cornea, lens and vitreous are remarkable eye tissues that 
successfully combine transparency with mechanical stability. Corneal and lens 
transparency as well as their mechanical properties are considered to be largely 
dependent on the perfect structural organization of the extracellular matrix (ECM), in 
particular of the basement membranes (BM), and of exact cell-ECM interactions. 
 
 
Extracellular matrix 
 
The ECM is crucial for multicellular organisms as its network of macromolecules 
keeps the cells together in tissues. The ECM has different roles to fulfill; it has a 
structural role in cells of mesenchymal origin and acts as a protecting buffer against 
stress put on the tissues. In addition to the structural role, the different ECM have 
many other functions including regulation of cell migration, proliferation, 
differentiation and also apoptosis (Miner and Yurchenco, 2004). The ECM is 
essential in fetal development, in wound healing and in regeneration of adult tissues 
as well as in tumor invasion and cancer metastasis.  
The interstitial matrix and the BM are the two major groups of ECM. The 
composition of the ECM is generally highly tissue-specific with a scaffold of various 
types of collagens associated with proteoglycans, glycoproteins (e.g. fibronectin) and 
non-collagenous proteins (figure 1) (Ihanamäki et al., 2004). Different tissues have 
very diverse demands on the ECM depending on their physiological functions. The 
ECMs in for example bone, tendon, blood vessels and the eye share the need for 
mechanical stability to some degree but have totally different properties regarding 
elasticity or transparency. By varying its composition of collagen types and non-
collagenous proteins the ECM can meet these different physiological requirements 
(Ihanamäki et al., 2004).   
So far, 40 different genes encoding for 26 types of collagens have been described. The 
synthesis of collagens is complex and the importance of collagens in tissues is 
illustrated by the spectrum of diseases caused by the over 1000 mutations in collagen 
genes detected so far. A few examples of diseases are: osteogenesis imperfecta, 
Alports syndrome, Ehler-Danlos syndrome, some subtypes of osteoporosis, 
epidermolysis bullosa and arterial aneurysms, reviewed in (Myllyharju and Kivirikko, 
2001). 
A collagen molecule is built up of three � chains joined together in a triple-helix. Each 
of the � chains consists of specific repeating tripeptide sequences and hydrogen 
bonds between these tripeptides force the collagen molecule to fold into a defined 
structure resembling a zipper. Further biosynthesis of fibrillar collagens involves self-
assembly of the triple-helical collagen molecules into fibrils with covalent cross-links 
(Kuivaniemi et al., 1991). Collagens are classified into different groups based on their 
structure and function: fibril-forming collagens (e.g. collagens type I and V), Fibril 
Associated Collagens with Interrupted Triple helices (FACIT) and collagens forming 
structure unrelated to fibrils (e.g. collagen type IV, a network-forming collagen in 
BMs) (Ihanamäki et al., 2004). 
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   Illustration by Berit Byström 
 
Figure 1. Schematic illustration of molecules in the ECM and its connection with the cytoplasm. 
 
 
 
Basement membranes 
 
Most cells need attachment, either directly to each other through cell to cell 
interactions, or indirectly via the ECM. BMs are specialized forms of ECM that form 
early during tissue development. The different components of the BMs interact with 
cells through cell surface receptors. These interactions play an important role during 
morphogenesis as they influence cell proliferation, survival, migration and 
differentiation (Miner and Yurchenco, 2004). In some organs, the BMs regulate the 
migration of cells and the diffusion of large solutes by forming a barrier, e.g. the 
blood-brain barrier. They are also considered as depots of growth factors (Vlodavsky 
et al., 1991a; Vlodavsky et al., 1991b; Vukicevic et al., 1992). BMs provide a 
mechanical support for parenchymal cells (Comper, 1996). Furthermore, they 
underlie epithelial or endothelial cells and surround certain individual cells like 
muscle, nerve and fat cells. 
 
The term “basement membrane” is used in light microscopy studies, whereas at the 
electron microscopic level the same structure is called the basal lamina (Dockery et 
al., 1998). The basal lamina is largely synthesized by the adjacent epithelial cells and 
it is composed of the lamina lucida closest to the epithelial cells, and the electron 
dense lamina densa, placed just below the lamina lucida. A third layer, the lamina 
reticularis, is seen in some cases, connecting the basal lamina with connective tissue 
(Dockery et al., 1998). The lamina densa consists of networks of collagen and laminin 
held together by crosslinkers such as nidogen and perlecan (figure 2) (Tzu and 
Marinkovich, 2008). 
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Drawing by Berit Byström 
 
Figure 2. The major BM components. Laminin and collagen type IV form independent networks in the 
BM that are linked by nidogen and perlecan. 
 
 
 
Basement membranes of the eye 
 
In the eye there are many different BMs delineating separate tissue compartments. I 
will focus on the BMs of the optical axis structures (figure 3). Corneal epithelial cells 
rest on a thin layer of BM, which plays an important role in epithelial adhesion to the 
underlying stroma. This epithelial BM runs continuously beneath three 
morphologically, functionally and developmentally different regions of epithelial 
sheets: the central cornea, a transitional zone called the limbus and the conjunctiva 
(Ljubimov et al., 1995). Bowman’s layer is an acellular condensation of the anterior 
stroma of the cornea beneath the epithelial BM (Wilson and Hong, 2000). The 
Descemet’s membrane (DM) is the BM of the monolayered corneal endothelium. The 
lens capsule is the thickest BM in the body (Fine and Yanoff, 1979). It encloses the 
lens vesicle during development. The lens epithelium remains at the anterior surface 
of the postnatal lens and the equatorial zone where the BM continues to thicken. As a 
consequence the lens capsule is always thinnest in the posterior portion (Fine and 
Yanoff, 1979; O´Rahilly, 1966). The internal limiting membrane (ILM) is the BM of 
the retina and separates the retina from the vitreous body. The Bruch’s membrane 
(BrM) is traditionally assigned to the choroid but its innermost portion is actually the 
BM of the retinal pigment epithelium (RPE) (figure 3) (Fine and Yanoff, 1979; 
O´Rahilly, 1966). 
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Drawing by Camilla Henriksson 
 
Figure 3. Basement membranes of the human 
eye referred to in the text. 
 
The importance of intact BMs in the eye is illustrated by age-related macular 
degeneration, a leading cause of blindness in the elderly throughout the world. Age-
related changes of the BrM include for example drusen and basal lamina deposits, 
increased thickness, accumulation of membranous debris and fragmentation of BrM. 
These alterations lead to loss of the normal function of BrM and impaired vision 
(Chong et al., 2005). In the most advanced form of age-related macular degeneration 
newly formed choroidal vessels breach the macular BrM and grow into the retina, 
where they can cause bleedings and sudden visual loss. 
 
 
Laminins 
 
LMs are the major non-collagenous component of BMs. They are large heterotrimeric 
ECM glycoproteins composed of one � chain, one � chain and one � chain, joined 
together through a long �-helical coiled-coil region to an approximately cross-shaped 
molecule (figure 4) (Colognato and Yurchenco, 2000). To date, the cDNA sequences 
of five different �-, four �- and three �-chains have been reported in human, forming 
at least 15 different LM isoforms (Colognato and Yurchenco, 2000; Libby et al., 
2000; Miner and Yurchenco, 2004; Thyboll, 2002; Yurchenco et al., 2004; 
Yurchenco and Wadsworth, 2004). The majority of these LM chains have been 
described both at the gene and protein level. However, there is apparently no 
evidence for the presence of the LM�4 chain in tissues although this isoform is 
mentioned in several reviews (Hallmann et al., 2005; Miner, 2008; Tzu and 
Marinkovich, 2008). The number of LM chains actually would allow many more 
combinations and it is likely that additional heterotrimers will be discovered, 
although some chains such as �3 and �2, seem to only allow limited associations 
(Miner, 2008).  
All LM chains share structural similarities: a rod-like, a globular and a coiled-coil 
region. Disulfide bonds in the latter keep the three separate chains together in the LM 
molecule. The � chain is the largest chain and it contains a short arm at the N-
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terminal and a long arm at the C-terminal end. The large globular (LG) 1-5 domains 
of the C-terminal interact with cellular receptors like integrins and dystroglycans. The 
N-terminal end can also bind integrins but it is more involved in the polymerization 
of the heterodimers (Hallmann et al., 2005; Miner, 2008; Tzu and Marinkovich, 
2008). The N-terminal short arms vary in length between different � chains, 
conferring them different roles. Only the LMs containing full-length chains in all 
short arms are able to polymerize (for example LM-111, LM-211 and LM-121). LM-
332, which has a truncation in all short arms and thus cannot self-polymerize, has 
instead a unique role helping cells to anchor the BM by being part of the 
hemidesmosome (Tzu and Marinkovich, 2008). 
 
 
 
 
 
Figure 4. Schematic illustration of the 
heterotrimeric laminin molecule. The short 
arms of the LM-molecule are denoted �, � and 
� whereas the long arm is a coil-coiled region 
composed of all three chains and the C-
terminal end is made up of five globular 
domains belonging solely to the LM� chain.  

 
Drawing by Camilla Henriksson 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
C-terminal 

Numerous cell surface molecules have been described as receptors for LMs. They are 
divided into two classes: integrin and nonintegrin receptors. At least eight different 
integrins interact with LMs (Tzu and Marinkovich, 2008). Three sorts of nonintegrin 
receptors bind to LM: dystroglycan, syndecan and Lutheran/B-CAM (Miner, 2008). 
 
The LM isoform nomenclature has recently been revised (Aumailley et al., 2005) and 
an identification system was introduced using three Arabic numerals, based on the �, 
� and � chain numbers. For example, former laminin-10, with the chain composition 
�5�1�1, is termed laminin-511. 
 
The expression of LM chains is regulated both spatially and temporally (Tiger et al., 
1997) suggesting that different LM isoforms might have distinct roles to fulfill. LMs 
are vital for the assembly of BMs and interact with type IV collagen network via 
nidogen and other ECM molecules. They have been shown to affect tissue 
development and integrity in such diverse organs as the kidney, lung, skin and 
nervous system, reviewed in (Miner and Yurchenco, 2004). LM-111 (�1�1�1) is the 
major LM during very early embryogenesis, and the LM�1 chain is present in many 
locations during development but it is largely absent in adult tissues (Ekblom et al., 
2003; Virtanen et al., 2000). The LM�1 and LM�1 chains are indispensable during 
early development, as embryogenesis will not proceed in their absence (Colognato 
and Yurchenco, 2000).  
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Evidence for the distinct roles of some LM variants has been provided through the 
phenotypes of mutations and mouse knockout (ko) models for different LM subunit 
genes. For example, natural mutations in any of the genes coding for subunits of LM-
332 (�3�3�2) can result in junctional epidermolysis bullosa (Kirtschig et al., 1995; 
McMillan et al., 1997). Antibodies to LM-332 are present in 10% of cases with 
cicatricial pemphigoid, a blistering and scarring disorder preferentially affecting the 
mucous membranes of the eyes and mouth (Gilmour et al., 2001). Similarly, a 
reduced expression of LM�2 chain has been seen in Walker-Warburg syndrome, a 
muscular dystrophy that also involves the eye (Wewer et al., 1995). The 
ophthalmologic findings in this syndrome include severe myopia, heterometropia, 
microphthalmia, retinal detachment, retinal hypoplasia and cataract (Emery, 2001).  
 
LM�2 chain null mice develop postnatal lethal muscular dystrophy. LM�5 ko mice 
have defects in placental vessels, anterior neural tube closure, kidney and limb 
development causing embryonic lethality. LM�2 null mice have defects in 
neuromuscular junctions and renal glomeruli (Colognato and Yurchenco, 2000). 
 
 
In spite of the fact that there is an array of BMs with key roles in the eye, knowledge 
on the importance of LMs for ocular disease is limited and a thorough molecular 
characterization of the BMs in the developing human eye has not been available. 
 
 
Integrins 
 

   Drawing by Berit Byström 
 
Figure 5. Schematic drawing of an integrin dimer connecting the ECM to the cytoskeleton through the 
cellmembrane. Integrin receptors are always dimers composed of one � and one � subunit. 
 
Integrins are the major adhesion receptors connecting cells to ECM and mediating 
cell-cell interactions. Integrins are a large family of transmembrane heterodimeric 
glycoproteins composed of non-covalently associated � and � chains (Berrier and 
Yamada, 2007; Luo et al., 2007; Takada et al., 2007) (figure 5). There are 18 � and 8 
� subunits in vertebrates that can form 24 different known heterodimers (Luo et al., 
2007). The extracellular domain of the integrin molecule can bind ECM proteins like 
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collagens, fibronectins and laminins, whereas the cytoplasmic part binds to the actin 
cytoskeleton (figure 1) (Bouvard et al., 2001). These interactions initiate signaling 
cascades that influence cell behavior and gene transcription (Giancotti, 2000). Most 
integrins can bind more than one ligand and many integrin ligands also recognize 
multiple integrins. This explains the potential overlapping functions between 
different integrins (Hynes, 1996). 
 
Subfamilies of integrins can be identified using different criteria: i) which � subunit 
they contain; ii) specific characteristics of the � subunit, or iii) which ligand they 
bind. The 12 integrins containing the �1 subunit constitute the largest subfamily 
(Takada et al., 2007). Within this subfamily we find the collagen binding integrins: 
�1�1, �2�1, �10�1 and �11�1 (Popova et al., 2007b). In addition to cell adhesion and 
cell migration, these integrins regulate collagen turnover and participate in the 
assembly of three-dimensional collagen matrices (Lee et al., 1996; Phillips and 
Bonassar, 2005). Integrins �10�1 and �11�1 are the most recently described integrins 
and they are structurally related, but have different collagen-binding preferences. 
Integrin �10 chain interacts with collagen type II and is rather restricted to the ECM 
of cartilage. On the contrary, �11�1 integrin mediates cell adhesion to collagens I and 
IV in vitro, and has higher affinity for collagen type I than for collagen type IV (Tiger 
et al., 2001; Zhang et al., 2003). Cell-collagen interactions in vivo play an important 
role in reorganizing the collagen matrix in developing tissues as well as in wound-
healing. The ability of cells to contract three-dimensional collagen matrices in vitro 
reflects their ability to modulate a collagen-rich matrix. �11�1 integrin mediates 
contraction of collagen gels in vitro in a manner similar to �2�1 and supports 
migration of cells on collagen I (Tiger et al., 2001). 
 
Integrin �11 chain, the latest addition to the integrin family, has 22 additional amino 
acids inserted in the extracellular stalk region, distinguishing it from other �-chains 
and making it the longest �-chain identified so far (Velling et al., 1999). It was 
initially isolated in cultured human fetal myoblasts and it associates exclusively with 
the �1 chain forming �11�1 integrin (Gullberg et al., 1995). The �11 integrin chain has 
been detected in adult human tissues, with the highest levels in uterus, heart and 
skeletal muscle (Velling et al., 1999). It has also been found to be present around the 
intervertebral disc and in embryonic cornea. The �11 integrin chain has therefore 
been suggested to be involved in the very precise organization of the collagen matrix 
in the cornea (Tiger et al., 2001).  
  
Mice lacking �1 integrin die early during embryonic development (Bouvard et al., 2001; 
De Arcangelis and Georges-Labouesse, 2000). Disease-models using �1 and �2 
integrin-deficient mice have revealed important functions for these integrins in 
angiogenesis, inflammation, fibrosis and mast cell activation, reviewed in (Popova et al., 
2007b). A recent study suggests an essential role for �1�1 integrin in the interaction 
between the RPE and BrM and the photoreceptor function in the retina. Integrin �1 ko 
mice show progressive retinal degeneration with a thick BrM, funduscopic 
abnormalities and molecular defects in photoreceptor cells (Peng et al., 2008).  
Genetically modified mice lacking �6�4 integrin show absence of hemidesmosomes 
and a stable epidermal adhesion (Litjens et al., 2006). Similarly, patients with 
mutated �6 or �4 integrin subunit suffer from epidermolysis bullosa, a devastating 
disease, with skin fragility and blistering (Pulkkinen and Uitto, 1999). Much less is 
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known about diseases caused by the lack of �10 and �11 integrin chains. A ko mouse 
model for �11 integrin chain has partially elucidated the in vivo functions of this 
integrin chain. The �11-deficient mice have a relatively mild phenotype, characterized 
by defective incisor teeth, consequently leading to malnutrition, dwarfism and 
increased mortality (Popova et al., 2007a).  
 
 
Embryology of the eye 
 
Basic knowledge on the development of the eye provides a solid basis for 
understanding not only malformations but also the properties of the different 
structures in the normal eye and in disease. 
 
During embryogenesis, the optic pit forms as a lateral outpouching of the neural tube 
that is attached to the forebrain through the optic stalk (figure 6). The optic pit 
enlarges and forms the optic vesicle. This invaginates itself during the fourth week 
and forms a two-layered optic cup which will differentiate further into the different 
retinal layers. A thickened lens placode formed by the overlying surface ectoderm 
invaginates and forms the lens vesicle.  
Neural crest cells from the lateral edges of the neural folds migrate dorsolaterally and 
will later give rise to the corneal stroma, the corneal endothelium, the ciliary muscle, 
the uveal stroma and melanocytes, much of the sclera, the meningeal sheaths and the 
connective tissue of the optic nerve. They also give rise to the connective tissue of the 
eyelids, conjunctiva and many of the orbital bones.  
 
A period of differentiation and growth starts at the beginning of the 3rd gestational 
month. During this period, the vitreous, the lens and the structures of the anterior 
chamber angle and the periocular mesenchyme develop and the retina, optic nerve 
and anterior rim of the optic cup mature. The eyelids fuse during the 3rd month and 
are kept together by desmosomes until the 5th month when they start to separate. In 
the following months all structures continue to mature (Barishak, 2001; Sadler, 
2000; Yanoff and Duker, 2004), and the macula completes its differentiation by the 
45th postnatal month, in human (Hendrickson, 1992). 
 
  
In the developing eye, the BM lining the surface of the optic cup is continuous with 
the invaginating layer at 4-5 weeks of gestation (wg). Both the future ILM of the 
retina and the Bruch’s membrane, which is the BM of the retinal pigment epithelium, 
are derived from this BM (O´Rahilly, 1966) (figure 3). The BM of the anterior 
epithelium of the future cornea and the lens capsule originate from another BM that 
underlies the surface ectoderm (O´Rahilly, 1966). The lens capsule is the BM that 
encloses the lens. The lens epithelium secretes its first BM unit by the 6th wg and 
deposition of additional units proceeds rapidly throughout the prenatal period 
(Lerche and Wülle, 1969). This gives an unusual laminated membrane observed only 
in the lens capsule and the DM (Murphy et al., 1984). During the 7th wg, the lumen of 
the lens vesicle is gradually occluded by the elongating posterior epithelial cells, 
which are called primary lens fibers (Barishak, 2001; Fine and Yanoff, 1979). The lens 
epithelium persists over the anterior surface and the equatorial zone and, as a 
consequence, the anterior portion of the lens capsule continues to thicken throughout 
life (Fine and Yanoff, 1979). Tight and gap junctions appear between the anterior 
epithelial cells and the primary lens fibers (Barishak, 2001). In addition, the lens 
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epithelial cells and ciliary body also produce proteins for the ILM during 
embryogenesis (Halfter et al., 2005). 
 
The surface ectoderm separates from the lens vesicle at 5 wg and differentiates into 
the primitive corneal epithelium, which is two-cell-thick and has a well-formed BM 
(Barishak, 2001). At 8 wg, the Descemet’s membrane (DM), is a patchy accumulation 
of BM material, produced by the endothelial cells of the cornea (Barishak, 2001). 
First an ordinary thin BM is synthesized, then growth proceeds from the 4th month 
of gestation by deposition of BM units, stacked to form a lamellar structure, kept 
together by short cross-linking bridges. These filaments are unique for the DM. This 
striated stromal layer of the DM persists through life. After birth, growth of the DM 
proceeds with deposition of amorphous material on the posterior side of the prenatal 
striated stromal layer (Murphy et al., 1984). Thus, abnormalities in the striated 
stromal layer are interpreted to emanate from the prenatal period and pathologic 
processes in the endothelial portion of the DM from the postnatal period (Johnson et 
al., 1982; Murphy et al., 1984).   
BrM develops and becomes prominent at 14 wg as more elastic fibers appear in its 
structure (Barishak, 2001). Further growth gives BrM a two layered structure: the 
lamina vitrea or BM of the retinal pigment epithelium and the lamina elastica, an 
outer collagenous layer facing the choroid (Fine and Yanoff, 1979).  
 
 
 

 
Figure 6. Schematic drawing of the developing human eye at about 5 wg.  
 
Illustration after Ida Mann, with permission from Nuffield Laboratory of Ophthalmology, University of 
Oxford, and with inserted text by the author.
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The cornea 
 
The cornea has a unique tissue architecture that allows transparency and confers 
mechanical stability. These properties are achieved by a very exact tissue 
organization, and in particular by the special organization of the ECM in the corneal 
stroma.  
 
From the surface to the anterior chamber, the cornea consists of an epithelium, the 
epithelial BM, a thick stroma, the DM and a monolayered endothelium located on the 
inner surface (figure 7). The cornea is avascular and receives its nutrients from the 
aqueous humor and the tear fluid (Sutphin et al., 2007). 
 

 
Figure 7. Cross-section showing the different layers of a normal human cornea stained with eosin.  
 
The cornea has a stratified squamous epithelium of approximately 5-7 cell layers. The 
two outermost cell layers consist of flattened squamous cells, whereas the basal cells 
are columnar and secrete the epithelial BM, which is important for epithelial 
adhesion to the underlying stroma (Kaufman et al., 1998). The Bowman’s layer is not 
a true BM but it is rather an acellular structure found beneath the epithelial BM of 
humans, primates and birds (Stepp, 2006), whereas its presence in many other 
mammals, including rats and mice is debated (Hayashi et al., 2002; Labbe et al., 
2006). The whole corneal epithelium regenerates both from the periphery to the 
center and from the BM to the surface and the turnover rate is about 7 days. 
Furthermore, the corneal epithelium is a self-renewing tissue and both experimental 
and clinical evidence point to the basal cells of the limbus (the corneoscleral 
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transition) as being corneal epithelial stem cells. These limbal stem cells are 
considered primitive and have an unlimited proliferative capacity. They also give rise 
to transient amplifying cells that are slightly more differentiated (Chung et al., 1995). 
The transient amplifying cells divide more frequently and migrate centripetally in the 
cornea to occupy the basal layer of the corneal epithelia. Finally they end up as 
terminally differentiated cells in the superficial layer of the corneal epithelium. In the 
event of epithelial loss (wounding) there is a centripetal migration of cells from the 
limbus and a proliferation of basal cells to cover the defect (Chee et al., 2006). 
 
The corneal stroma constitutes 90 % of the corneal thickness in humans. It is 
predominantly built up of collagen type I. Keratocytes reside between the collagen 
fibril-bundles and continuously synthesize collagens and other ECM components 
(Bron, 2001). Collagen type V molecules are buried within the collagen type I fibrils 
but are less abundant and regarded as a limiting factor for collagen fibril growth (Birk 
et al., 1986). The tightly packed and highly organized fibrils of collagens provide both 
the strength and the clarity of the cornea (Ihanamäki et al., 2004). In the human 
corneal stroma the collagen type I fibrils have a uniform diameter of 25-35 nm and 
run parallel to each other forming lamellae, basically arranged parallel to the corneal 
surface. As a comparison, the opaque sclera is composed of collagen fibrils with a 
wide range of diameters from 25-230 nm and a more random arrangement of 
collagen fibrils in the lamellae. Both this disorder of the fibrils and the varying large 
diameters of the scleral fibrils are suggested to cause the scleral opacity (Komai and 
Ushiki, 1991). Despite the fact that the fibril-bundles/lamellae are much more 
regularly arranged in the cornea than in the sclera, there are regional differences in 
the lamellae architecture within the corneal stroma. The posterior lamellae are wider 
and thicker than the anterior lamellae (Bron, 2001). Furthermore, the lamellae in the 
posterior part of the corneal stroma are strictly orthogonally aligned, whereas the 
most anterior part (100-120 �m) of the cornea is characterized by many undulating 
lamellae that also pass obliquely from one layer to another contributing to a marked 
lamellar interweave (Bron, 2001; Muller et al., 2001). In addition, spots of 
amorphous ECM are present between the anterior lamellae (Muller et al., 2001). 
These structural differences are believed to prevent morphological changes in the 
anterior stroma even under extreme swelling conditions whereas the posterior 
stroma more easily can become swollen (Muller et al., 2001). This remarkable 
structural stability of the anterior stroma is suggested to be fundamental in 
maintaining corneal curvature and shape (Bron, 2001; Muller et al., 2001). Concern 
has been raised that photorefractive keratectomy (PRK), that involves removal of part 
of this critically stable zone of the corneal stroma, in the long run may cause corneal 
instability (Muller et al., 2001). 
 
Aging is associated with three-dimensional growth of collagen fibrils in the human 
corneal stroma causing biomechanical changes and increased stiffness (Daxer et al., 
1998), a positive effect slowing the progression of keratoconus. On the other hand 
these changes could interfere with ocular applanation tonometry.  
 
The monolayered endothelium rests on a 5-10 �m thick BM, the DM, which is loosely 
attached to the stroma. The endothelial cells are hexagonal and have a very important 
role for visual function as they continuously pump fluid from the stroma using a 
Na+/K+ ATP-ase pump, thereby keeping the corneal stroma dehydrated (Ljubimov et 
al., 2002). A defect in the endothelial pump function will cause corneal stromal 
swelling, with subsequent loss of ordered lamellar organization, opacification of the 
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stroma and deterioration of vision. The DM thickens after birth in humans by 
amorphous material deposition on the posterior side of the prenatal striated stromal 
layer (Murphy et al., 1984).  The human corneal endothelium has a limited 
regenerative capacity in vivo. The only cure for a damaged endothelium, so far, has 
been transplantation. However, there is hope that cultured endothelial cells may be 
used therapeutically in the future (Engelmann et al., 1999; Yamagami et al., 2006).  
 
 
The cornea in diseases requiring transplantation 
 
At present, the leading diagnoses demanding corneal transplantation are 
keratoconus, bullous keratopathy (BKP) and Fuchs’ endothelial dystrophy.  
 
Keratoconus is a noninflammatory disease with progressive thinning of the central 
cornea, gradually causing the cornea to become cone-shaped with concomitant high 
myopia and astigmatism. Most commonly this disease starts in early adolescence. 
The treatment options involve spectacles, stable contact lenses, collagen cross-linking 
and corneal transplantation. In the advanced form, corneal transplantation is 
required to overcome decreased visual acuity resulting from high myopia with 
irregular astigmatism and, in some cases, also corneal scarring. The etiology of 
keratoconus remains unclear in spite of intensive research efforts reviewed in 
(Hollingsworth et al., 2005; Kaufman et al., 1998). 
 
Pseudophakic BKP is a complication of cataract surgery that occurs in some patients, 
commonly elderly people. BKP is characterized by chronic corneal edema caused by 
decreased ability of endothelial cells to remove fluid from the corneal stroma, either 
because of a decreased number of endothelial cells after surgical trauma or because of 
an alteration in the pumping capacity of these cells (Kenney and Chwa, 1990; 
Ljubimov et al., 2002; Ljubimov et al., 1996a). The chronic edema leads to loss of 
transparency and decreased visual acuity as well as the formation of epithelial blisters 
(bullae). Rupture of these blisters is painful and further impairs vision. In advanced 
cases of BKP, subepithelial fibrosis, formation of a posterior collagenous layer 
(retrocorneal fibrous membrane), and corneal vascularisation may occur (Ljubimov 
et al., 2002; Ljubimov et al., 1996a). BKP is a leading indication for both penetrating 
keratoplasty and regraft. Lamellar keratoplasty is a promising new surgical procedure 
likely to have lower rate of rejection (Allan et al., 2007) but so far it is a more 
demanding and time consuming surgical technique (Tan and Mehta, 2007). 
 
Fuchs’ endothelial dystrophy is another corneal disease associated with corneal 
edema and clinically similar to BKP. It is more prominent in women and usually 
becomes clinically evident in the fourth or fifth decades of life. Corneal guttae 
together with pigment granules within or attached to the endothelial cells are the first 
clinical signs of Fuchs’ endothelial dystrophy. Corneal guttae are mushroom-like DM 
excrescences (Bergmanson et al., 1999; Ljubimov et al., 2002). Surgical trauma, such 
as cataract surgery, may cause endothelial cell loss and transform a subclinical Fuchs’ 
endothelial dystrophy into clinically evident disease.  
 
Deep lamellar keratoplasty (DLKP) is a surgical procedure where a maximum of 
corneal stroma is replaced by donor corneal tissue. The advantage of DLKP is that the 
technique preserves the host’s endothelium and eliminates the risk of endothelial 
graft rejection. It can be used for the treatment of diseases with a healthy 
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endothelium, such as keratoconus, some corneal dystrophies and stromal scarring. 
However, performing DLKP requires total removal of the host corneal stroma and of 
the DM of the donor cornea in order to avoid interface scarring with poor visual 
outcome (Anwar and Teichmann, 2002; Bhojwani et al., 2003; Chau et al., 1992). 
 
Corneal transplantation is a highly specialized surgical procedure, only done in a 
limited number of centers. The recovery and rehabilitation period after surgery is 
long, with intensive medication and frequent follow up visits to the ophthalmologist. 
Elderly people with reduced vision and painful corneal erosions caused by BKP 
experience reduced quality of life and this has an impact on their relatives and on 
social care. The patients with keratoconus and those with scars after trauma, 
infection or refractive surgery are often younger, and thereby the disease itself and a 
long recovery period with low vision after surgery have significant impact on their 
working capacity, with considerable costs for society. 
 
To date, corneal scarring is an important cause of vision impairment and even 
blindness. So far, efforts to pharmacologically control the early stages of the wound 
healing process have had limited success. Basal knowledge of the molecular 
composition of the ECM and how it is affected and regulated in corneal disease opens 
new possibilities for the development of topical therapeutic agents for conditions that 
significantly reduce vision and so far have required corneal transplantation.  
 
 
Corneal wound healing 
 
Epithelia must respond rapidly to injury in order to minimize fluid loss and the risk 
for microbial infections. Corneal wound healing involves cell migration and 
proliferation to reestablish the barrier function and re-stratify the epithelium. The 
closure of small corneal debridement wounds occurs with flattening and sliding of 
preexisting cells to cover the wound area followed by cell mitosis to repopulate and 
restratify the epithelium. In larger wounds, the transient amplifying cells near the 
limbus proliferate to produce enough cells to cover the wound (Chung et al., 1995; 
Stepp and Zhu, 1997). In the absence of limbal cells, the ability to repair wounds is 
severely compromised and will lead to ingrowth of conjunctiva, “conjunctivalization”, 
with vascularization, appearance of goblet cells and an irregular and unstable 
epithelium (Dua and Azuara-Blanco, 2000). Eventually, the corneal epithelium will 
break down.  
The integrity of the epithelial BM is crucial for successful corneal repair as it is 
needed for epithelial cell migration. In addition, a corneal wound with loss of 
epithelial BM leads to epithelial-stromal interactions where transforming growth 
factor beta (TGF-�), produced by corneal epithelial cells, mediates a fibrotic repair in 
the cornea. In the presence of TGF-�, keratocytes transform into highly reflecting 
myofibroblasts giving rise to haze (Ivarsen et al., 2004; Stramer et al., 2003; Wilson 
and Kim, 1998). 
Full-thickness wounds in rabbit corneas have revealed that even after 12 months of 
healing the collagen fibrils are disorganized (Connon and Meek, 2004) and collagen 
remodeling in corneal scar tissue is still not complete. In other words, corneal wound 
healing and remodeling take place over a long period of time and it is important to 
keep in mind that the strength of an area with scarring after surgery never reaches 
that of uninjured corneal tissue (Elder and Stack, 2004; Tran et al., 2005). 
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The mouse has been a very useful animal model for studying mechanisms of human 
disease. Advances in gene manipulation techniques have generated a number of 
potential mouse models of human diseases (Aidinis et al., 2008). The mouse genome 
comprises approximately 30,000 genes, of which 99 % have direct counterparts in 
humans (Waterston et al., 2002).  
The first ko mice were created by research groups led by Martin Evans, Oliver 
Smithies and Mario Capecchi in 1987-89. For this they received the Nobel Prize in 
medicine in 2007. The use of ko mice enables analysis of the function of individual 
mammalian genes. 
Wound healing is a complex process occurring locally in a tissue structure, but it is 
also dependent on bone-marrow-derived cells and other circulating factors, which 
limits the utility of in vitro models and is thus best studied in animal models. Despite 
the advantages of using the mouse as a model, one must keep in mind that there are 
important differences between human and mouse (Fang and Mustoe, 2008). Rodents 
in general heal excisional wounds in the skin primarily by contraction and not by 
granulation tissue formation, which is the process used in most human wounds 
(Lindblad, 2008). Wound healing and remodeling studies in transgenic animals are 
hampered by the fact that many relevant genes are very important during 
development and then lethal if knocked out. This is true for many of the LM and 
integrin chains discussed before in previous pages. Signaling cascades are also 
frequently redundant and knocking out a specific gene has resulted in apparently 
normal wound healing as the absence of a single factor may be compensated by other 
molecules (Fang and Mustoe, 2008). Another problem in experimental studies on 
wound healing after photorefractive surgery is that histologically detected changes 
may not be clinically relevant (Ivarsen et al., 2004). For example, haze in wound 
healing after PRK can easily be seen at the slitlamp but it is only rarely experienced 
by the patient (Fagerholm, 2000). 
 
To study the potential function of �11 integrin chain in vivo, a ko mouse for this 
integrin chain was previously generated by Popova et al (Popova et al., 2007a). These 
integrin �11 ko mice are viable and fertile but display dwarfism and increased 
mortality, most probably due to severely defective incisor teeth (Popova et al., 
2007a). 
We have hypothesized that �11 integrin chain likely plays a role in collagen deposition 
during corneal development and in disease with an ongoing wound-healing process. 
To test this hypothesis a deep, controlled, significant injury was created in the corneal 
stroma as a plano excimer photoablation, resembling PRK on �11 integrin ko and 
normal mice. The deep wound was chosen to assure the loss of BM and reach the 
stromal portion of the cornea. A previously used wound healing model in mice 
revealed the deposition of fibrotic tissue produced by activated keratocytes when the 
injury penetrated the epithelial BM into the stroma. This fibrotic repair included 
hypercellularity, expression of � smooth muscle actin and deposition of a 
disorganized ECM. In contrast, wounds sparing the BM heal with a complete cellular 
replacement without fibrosis and further matrix remodeling (Stramer et al., 2003). 
  
The importance of a long follow up period, to evaluate the wound healing and 
remodeling process, has been pointed out in earlier studies (Connon and Meek, 
2004; Panagiotopoulos et al., 2007; Wilson, 2002). Therefore, we decided to examine 
the corneas after considerable long time, at 10 weeks, in addition to three earlier 
time-points in order to identify the timing for �11 integrin chain activity. 
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AIMS OF THE STUDY 
 
 
The aims of the present thesis were to investigate: 
 
- the spatial and temporal patterns of distribution of LM chains in the BMs of 

the human eye during fetal development 
 
- the distribution of the individual LM chains in the normal human adult cornea 
 
- differences in LM composition and BM morphology in corneas with diseases 

requiring transplantation 
 
- the distribution of �11 integrin chain in the human cornea during fetal 

development, in normal adult cornea and in corneas with diseases requiring 
transplantation 

 
- whether keratocytes are the source of stromal �11 integrin chain 

 
- the role of �11 integrin chain in corneal wound healing and remodeling 
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MATERIAL AND METHODS 
 
 
Eye samples 
 
A total of ten eyes were obtained from human fetuses at 9, 10, 11, 12, 14, 16, 17, and 20 
wg, following legal interruptions of pregnancy. Gestational age was dated from the 
first day of the last menstrual period and was further confirmed by ultrasound before 
abortion, in most cases. A total of eighteen corneas were obtained from patients 
during surgery (Table 1), for details see papers I, II and III. 
  
The samples were collected with the approval of the Ethical Committee of the Medical 
Faculty, Umeå University, following informed consent and in accordance with the 
tenets of the Declaration of Helsinki of 1975.  
 
 
Table 1. Patient data 
 
     
Age (years) Sex Diagnosis and Comments 
 
 40 M Normal, evisceration due to trauma. 
 86 M Normal, donation with retinitis pigmentosa. 
 87 M Normal, enucleation due to choroidal tumour.  
 23 M Keratoconus, with a central scar. 
 48 M Keratoconus, with a central scar. 
 25 M Keratoconus, with central striation.1 

 50 M Keratoconus, retransplantation.2 

 21 M Keratoconus, with central striation.1 

 38 M Keratoconus, with a central scar. 
 29 M Keratoconus, with a central scar. 
 65 M BKP after cataract surgery. 
 72 F BKP after cataract surgery. 
 84 M BKP+Fuchs’ with cataract surgery. 
 74 F BKP+Fuchs’ with cataract surgery. 
 78 F BKP+Fuchs’ with cataract surgery. 
 50 F Fuchs’ without earlier surgery.3 

 59 F Fuchs’ without earlier surgery.3 

 37 M Scar, post DLKP.4 

 
 
1No evident scarring present. 
2Due to scarring and astigmatism, first transplantation 19 years earlier. 
3Primary Fuchs’ endothelial dystrophy, without previous eye surgery. 
4Central scar after deep lamellar keratoplasty, due to keratoconus. 
 
 
Animals 
Sixteen mice, eight control heterozygotes and eight �11 ko mice (for details and 
phenotypes see (Popova et al., 2007a)) were used in accordance with the Association 
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for Research in Vision and Ophthalmology (ARVO) resolution on the Use of Animals 
in Research and permission from the local animal research ethics committee. The 
mice were anaesthetized by intraperitoneal injection of ketamine-xylazin (Ketalar, 
Parke-Davis, Barcelona, Spain; Rompun, Bayer, Leverkusen, Germany) and topical 
1% Tetracaine (Novartis, Basel, Switzerland) anaesthesia before laser treatment in the 
right eye. The fellow left eye served as a reference in each case. Two mm of the central 
epithelium were abraded and the underlying stroma was thereafter exposed for a 2,1 
mm in diameter plano excimer photo ablation. The �11-deficient mice and the control 
heterozygotes were divided into four treatment groups, and allowed to heal for 4, 14, 
22 or 69 days respectively after laser surgery, for further details see paper IV. 
 
 
Tissue Processing 
 
The fetal eyes, adult corneas and mouse eyes were mounted in embedding medium 
(Tissue-Tek OCT; Miles, Elkhart, IN), rapidly frozen in propane chilled with liquid 
nitrogen (-160°C) and stored at -80°C until use. Serial cross-sections, 5 �m thick, 
were processed for immunohistochemistry with the antibodies listed below. 
 
 
Antibodies and Labeling 
 
Table 2. Antibodies used for immunohistochemistry.  
 
Antibody Code Specific Antigen Reference 
hLN-�1G4/G5 LM�1 (Tiger et al., 1997) 
163DE4 LM�1 (Virtanen et al., 2000) 
5H2 LM�2 (Sewry et al., 1998) 
BM-2 LM�3 (Rousselle et al., 1991) 
168FC10 LM�4 (Petäjäniemi et al., 2002) 
4C7 LM�5 (Tiger et al., 1997) 
1928 LM�1 Chemicon, Temecula, LA 
C4 LM�2 (Hunter et al., 1989) 
6F12 LM�3 (Marinkovich et al., 1992) 
113BC7 LM�1 (Geberhiwot et al., 2000) 
D4B5 LM�2 (Mizushima et al., 1998) 
 �11 integrin (Velling et al., 1999) 
1A4 �-SMA (Skalli et al., 1986) 
D9-R349 Collagen type I Southern Biotechnology, 

Birmingham, Alabama 
CIV22 Collagen type IV (Odermatt et al., 1984) 
36382 Collagen type V Abcam, Cambridge, UK 
550537 CD34 (Osawa et al., 1996) 
sc-32233 GAPDH Santa Cruz Biotechnology, 

Santa Cruz, CA 
 
A battery of monoclonal antibodies (abs) and one polyclonal ab (hLN-�1G4/G5) 
(Paper I) specific for different LM chains were used in the present study. Polyclonal 
abs to �11 integrin chain and collagen type I and monoclonal abs to �-SMA, collagen 
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type IV, collagen type V, CD34 and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) were used. The specificity of these abs has been carefully assessed before, 
for refs see table 2. Omission of the primary ab or incubation with normal rabbit 
serum (in the case of a polyclonal ab), were used as controls of the staining 
procedure. In some control sections unspecific staining of the corneal epithelium and 
endothelium was present whereas the BMs and other tissues in these sections were 
unlabeled. 
 
 
Immunohistochemistry 
 
In brief, the tissue sections were air-dried for 15-30 min, rehydrated in 0.01 M PBS 
for 5 min, and then incubated with 5% normal serum (Dako; Glostrup, Denmark) for 
15 min to inhibit unspecific binding. Then the sections were incubated overnight with 
the primary ab at 4°C. Thereafter, the sections were washed in PBS and incubated 
with normal serum for 15 min, followed by incubation with the secondary abs 
conjugated with a fluorochrome (Cy3, Jackson Immuno Research Laboratories, 
Westgrove, PA; Alexa 488 Molecular Probes, Eugene, OR, USA) for 30 min at 37°C. 
After washing in PBS for 15 min, the specimens were mounted in Vectashield. All abs 
were diluted in PBS containing 0.1% bovine serum albumin. The sections were 
studied in a Nikon eclipse E800 microscope (Nikon Inc., Melville, NY, USA) 
equipped with epifluorescence, and a SPOT RT Color camera (Diagnostic 
Instruments Inc., Sterling Heights, MI, USA) was used for image acquisition.  
Exposure times for image acquisition were adjusted to truly reflect the stainings 
observed.  
 
 
Cell culture 
 
Small pieces of corneal stroma were cut from a human corneal button and put in cell 
culture flasks in 50:50 Dulbecco’s MEM: Hams F12 (Gibco, Inc., Grand Island, N.Y.) 
supplemented with 10% fetal calf serum and 72 �g bensylpenicillin/ml, (for details 
see paper III). They were later seeded into collagen coated chamber covered glass 
slides and after growing to near confluence, cells in chamber covered glass slides 
were subsequently processed for immunohistochemistry as described above with abs 
specific for integrin �11 chain (Velling et al., 1999) and �-SMA to detect 
myofibroblasts. These sections were studied under a Nikon microscope. Cells were 
also seeded on collagen coated Petri dishes and stimulated by TGF-�. Samples were 
collected at days 1, 3 and 6 and protein levels of �11 integrin chain and �-SMA were 
analyzed by western blot (for details see paper III). 
 
 
Corneal thickness measurements 
 
The corneal thickness measurements in paper IV were performed in 14 �m thick 
sections stained with eosin and examined by light microscopy at 20x magnification. 
The purpose was to expose any differences in corneal stromal thickness between the 
normal and the ko mice, during the wound healing and remodeling process, taking 
into account the thickness of the stroma in the untreated fellow eye, for each case. 
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RESULTS 
 
 
Fetal development (Papers I and III) 
 
In paper I the aim was to map the different LM chains in the BMs of the visual axis 
during fetal development. In paper III the cornea was investigated for the presence of 
�11 integrin chain at the same fetal ages. 
  
The BM of the corneal epithelium (figure 8, table 3 and 
paper I, fig 1) reacted strongly with LM�1 chain between 
9-12 wg. Immunoreactivity for LM�3, �5 and �1 chain was 
present in the BM of the corneal epithelium through all 
ages. LM�4, �3 and �1 chains were detected at 10-20 wg. 
Ab D4B5 to LM�2 became available after paper I was 
published. LM�2 was present in the corneal epithelial BM 
at all ages (unpublished data, figure 9 and table 3). 
 

 
Figure 9. LM �2 chain in the corneal epithelial BM at different gestational ages.  

 
 
The DM (figure 10, table 4 and paper I, fig 2) was reactive 
for LM�1 and �4 chains at 10-17 wg. LM�5 and �1 were 
found in the DM from 10 wg. The DM was also labeled 
with LM�1 at 11 to 17 wg, although the staining was weak 
at 20 wg. At 17 and 20 wg the DM was weakly 
immunoreactive for LM�3 chain. LM�2 chain was not 
detected in the DM (unpublished data table 4). 
 
 
 
Alpha11 integrin chain was present in the fetal corneal stroma (paper III, fig 2) at all 
ages investigated (10-20 wg). Spatial and temporal differences occured: the staining 
was strong in the whole stroma at 10 wg, at 11-17 wg the staining was predominantly 
located in the anterior stroma and at 20 wg there was weak staining resembling the 
pattern seen in normal adult corneas (paper III, fig 3). 
  
 
 
 

Figure 10. Sketch depicting the DM. 

Figure 8. Sketch depicting the corneal 
epihelial BM. 
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The lens capsule (figure 11 and paper I, fig 4) and the 
ILM (figure 11 and paper I, fig 5) were immunoreactive 
for LM�1, �5, �1, �2 and �1 chains at all ages. 
 
 
 
 
 
  
The BrM (figure 12 and paper I, fig 6) was 
immunoreactive for LM�3, �4, �5, �1, �2 and �1 chains 
through all ages. Initially LM�1 chain was found in the 
whole BrM. After 10-12 wg immunoreactivity in this BM 
was predominantly found in the anterior part of the eye, 
but it was absent from 20 wg. Immunoreactivity for 
LM�4 chain in BrM was uneven and found mostly in the 
anterior part of the eye at 9 to 10 wg. From 14 –16 wg, 
immunoreactivity for LM�4 chain in BrM was stronger 
and it became more difficult to separate from that of the 
underlying blood vessels. LM�2 chain was found in BrM 
in the anterior part of the eye at 9-11 wg and in the posterior  
part from 16 wg. The interphotoreceptor matrix, just  
proximal of the RPE was positive for LM�3 and �2 chains. 
 
 
 
Ab/EpBM �1 �2 �3 �4 �5 �1 �2 �3 �1 �2 
Fetal (wg) 9-12     -   All 10-20   All   All     - 10-20 10-20   All 
Normal     -     -     +     -     +     +     -     +     +     + 
Keratoconus     -      -     +   +/-     +     +     -     +     +     + 
BKP+Fuchs’     -     -     +        -     +     +     -     +     +     + 
DLKP     -       -     +     -     +     +     -     +     +     + 
 
Table 3. Laminin chains in the epithelial BM (EpBM) of fetal, normal and diseased corneas. Numbers 
in the fetal cases refers to the period, in weeks of gestation, during which the specific LM chain was 
detected. ”All” means presence at all investigated ages. +/- in the keratoconus cases refers to the fact 
that 2/7 keratoconus cases were positive for LM�4 chain. 

 
 
 
Ab/DM �1 �2 �3 �4 �5 �1 �2 �3 �1 �2 
Fetal (wg) 10-17     -     - 10-17 10-20 11-20     - 17-20 10-20     - 
Normal     -     -     -     -     +     +     -     -     +     - 
Keratoconus     -     -   +/-     -     +     +     -   +/-     +   +/- 
BKP+Fuchs’     -     -     -     -     +     +     -     -     +     - 
DLKP     -     -     +     -     +     +     -     -     +     - 
 
Table 4. Laminin chains in the Descemets’ membrane (DM) of fetal, normal and diseased corneas. 
Labeled as in Table 3. +/- in the keratoconus cases refers to the fact that the presence of staining 
differed interindividually. 
 

Figure 11. Sketch depicting the lens 
capsule and the ILM (small arrow). 

Figure 12. Sketch depicting the 
BrM. 
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Adult human corneas (Papers II and III) 
 
Normal corneas (Papers II and III) 
 
In summary, normal adult human corneas did not express as many different LM 
chains as the fetal corneas. In line with the fetal results, the LM chains that were 
present at 20 wg in the fetal cornea were also present in both the epithelial BM and 
the DM of normal adult corneas. The only exceptions were LM�4 in the epithelial BM 
and LM�3 chain in the DM that were present in the fetal corneas at 20 wg but not in 
the normal adult corneas (table 3 and 4). The normal adult epithelial BM (figure 13 
and paper II, fig 1 A-P) was labeled by monoclonal abs to LM�3, �5, �1, �3, �1 and �2 
chains both in the central part and in the periphery. In addition, immunoreactivity 
for LM�2, �4 and �2 chains were present in the peripheral part of the adult cornea. 
The endothelial portion of the normal adult DM (paper II, fig 1 Q-S) was 
immunoreactive for LM�5, �1 and �1 chains in all cases, whereas the stromal side of 
the DM was unstained (figure 13).  
 
Normal adult corneas presented a weak patchy staining in the whole corneal stroma 
with abs to �11 integrin chain, resembling the pattern at 20 wg in fetal development 
(paper III, figs 2 and 3). 
 

 
 
Keratoconus (Papers II and III) 
 
The morphology of the epithelial BM (paper II, fig 2) in keratoconus corneas varied 
both intra- and interindividually and it comprised an interrupted appearance, 
variation in staining intensity and ectopic subepithelial LM staining. The LM chain 

Figure 13. Summary of the LM chain contents 
of the epithelial BM and the DM of the 
cornea. The left side of the section (symbols 
in black) depicts the LM chain contents in all 
adult corneas, whereas the red symbols to the 
right show the additional LM chains in some 
of the scarred keratoconus corneas. In the 
DM, the green symbol in the middle depicts 
the extra LM�3 chain in the endothelial part 
of the DLKP cornea. The label �11 integrin to 
the right points out the increased presence of 
�11 integrin in the anterior stroma of 
keratoconus with scarring. 
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composition of the epithelial BM itself in the keratoconus corneas differed from that 
of the central part of the normal corneas by the additional presence of LM�4 chain 
(figure 13 and table 3). The latter was present in two keratoconus cases clinically 
characterized by central subepithelial scarring. In addition, ectopic LM chain staining 
was present in patches in the anterior stroma beneath the Bowman’s layer in some 
keratoconus cases. In parallel, �11 integrin chain staining was prominent in these 
patches in adjacent serial sections. There was a strong staining with the ab to �11 
integrin chain in the anterior part of the corneal stroma beneath breaks in the 
epithelial BM and Bowman’s layer in keratoconus. This was especially evident in 
cases with clinical scarring (paper III, fig 4 and 5). The irregular, patchy staining of 
�11 integrin chain correlated clearly with the staining against �-SMA, collagen IV and 
collagen V (paper III, fig 4). In addition, staining with anti-�-SMA was present in the 
scarred regions with disarray in the epithelial BM and in the “extra BM” beneath the 
Bowman’s layer, where there also was immunoreaction to LM�5 chain (paper II, fig 
2E and 2H inserted picture). Furthermore, �11 integrin correlated to the presence of 
�-SMA in vitro (paper III, figs 7 and 8). 
 
All keratoconus corneas had a normal LM composition on the endothelial side of the 
DM, whereas LM�3 chain was found on the stromal side of the DM in six cases. In 
addition, three cases with central scarring showed novel expression of LM�3 chain 
and four cases had LM�2 chain on the stromal side of the DM (figure 13 and table 4).  
There was practically no LM staining in the stroma of the keratoconus corneas 
without apparent clinical scarring. 
 
Fuchs’ endothelial dystrophy and BKP (Papers II and III) 
  
The LM composition of the epithelial BM (paper II, fig 4) in the Fuchs’ dystrophy 
corneas as well as the BKP corneas with or without Fuchs’ was similar to that of the 
normal corneas (figure 13 and table 3). However, the staining was irregular, with a 
thick and patchy appearance in parts of the BM in the diseased corneas. In some 
cases, the BM appeared interrupted and the underlying Bowman’s layer/anterior 
stroma showed ectopic patchy labeling.  
In the cases with Fuchs’ + BKP the epithelial BM formed blisters, ie foldings of the 
BM, which were labeled by the same monoclonal abs as the rest of the BM. 
The DM was thick and irregular and labeled by monoclonal abs to LM�5, �1 and �1 
chains on the endothelial side (figure 13, table 4 and paper II, fig 5). The presence of 
�11 integrin chain in these corneas resembled the pattern seen in normal corneas, i.e. 
a weak patchy staining in the whole stroma, although in the BKP corneas the staining 
was a little stronger in the posterior part of the corneal stroma (paper III, fig 3K). 
 
Scarred cornea – post DLKP (Papers II and III) 
 
The epithelial BM (figure 13, table 3 and paper II, fig 6) had a normal LM 
composition. Strikingly, beneath the Bowman’s layer there was staining with abs 
against LM�5, �3, �1 and �2 chains with a morphology similar to an extra BM.  
The DM (figure 13, table 4 and paper II, fig 7) showed novel expression of LM�3 
chain on the endothelial side.  
The labeling by the ab against �11 integrin chain was weak in the anterior stroma 
(paper III, figs 6A, B), as seen in the normal cornea (paper III, figs 3A, B). In 
contrast, there was abundant staining for �11 integrin chain in the posterior stroma, 
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i.e. in the portion belonging to the recipient (paper III, fig 6D). There was a clear 
correlation between labeling with the ab against collagen type V and the presence of 
�11 integrin chain in the posterior stroma of this cornea (paper III, figs 6D, E).  
In the interface between the donor and the host cornea there was a weak patchy 
labeling for LM�3, �4, �5, �1 and �2 chains (paper II, fig 7) but �11 integrin, collagen 
type V and �-SMA were not detected (paper III, figs 6 C-F). 
 
 
Corneal wound healing (Paper IV) 
 
To elucidate the putative role of �11 integrin chain in fetal corneal development and 
in the wound healing/remodeling process, we used �11 ko mice and a prolonged 
model of wound healing. 
 
Normal and ko corneas of the untreated fellow eyes had a normal appearance in 
cross-sections stained with eosin.  There was no obvious difference in lamellar 
structure or thickness of the sections between these normal and ko fellow eyes (paper 
IV, fig 3). Furthermore, preoperative macroscopic examination did not reveal any 
differences between the eyes of the ko and heterozygotic mice. 
However, the laser treated corneas of ko mice allowed to heal for 69 days were 
thinner than all the other corneas examined at the same time point (paper IV, figs 3I-
L). In contrast, the laser treated corneas of control animals became remarkably 
thicker over time in the central stroma than their untreated fellow eyes (paper IV, figs 
3K-L). This difference was statistically significant (paper IV, fig 4). 
The corneas from normal mice had a patchy anti-�11 integrin staining in the stroma 
(paper IV, fig 5E-H and 5M-P), in a pattern similar to that of the normal adult human 
corneas (paper III, fig 3). However, there were no clear differences in the staining 
patterns of the laser treated normal corneas and their fellow eyes at any time points 
(paper IV, figs 5E-H and M-P). The staining in ko mice corneas was similar in anti-
�11 integrin labeled sections as in sections with normal rabbit serum, confirming the 
absence of �11 integrin chain (paper IV, fig 5A-D and 5I-L). The intensity of staining 
with the different abs to collagen types I and IV, CD34 and �-SMA did not reveal any 
obvious differences between any of the groups; laser treated ko, their fellow untreated 
corneas, laser treated normal corneas and their fellow untreated corneas except for �-
SMA which was present at 4 days in both laser treated groups whereas the staining 
was weak at the other time points.  
However, morphological changes were found with fewer and more irregular collagen 
lamellae in the ko and normal laser treated corneas at 4 days, and in the ko laser 
treated corneas at 14 days compared to their control fellow eyes. At the latest time 
point, 69 days, the laser treated ko corneas had fewer and more irregular lamellae 
than their fellow eyes and normal laser treated corneas, the latter had instead a 
regular multilamellar appearance (paper IV, figs 6E-H). 
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DISCUSSION 
 
Basic knowledge on the normal composition of the ECM and its receptors during 
development and in the adult provides a basis for evaluating eventual changes in 
disease and hopefully will advance our understanding of the underlying pathogenesis. 
  
The results in this thesis showed that LM�1, �3, �4, �5, �1, �2, �3, �1 and �2 chains 
are present in the BMs of the developing human eye. They all had distinct spatial and 
temporal patterns of distribution, reflecting high specialization of the eye tissues and 
suggesting an important role for different LM chains in human ocular differentiation. 
 
There was novel presence of most likely LM-332 (�3�3�2) in the stromal portion of 
DM in keratoconus and ectopic expression of several LM chains and �11 integrin in 
conditions with corneal scars. 
 
The presence of �11 integrin chain in the corneal stroma also had a specific spatial 
distribution that changed over time. 
 
In the absence of �11 integrin the corneal wound healing and remodeling process was 
pathologic. 
 
 
 
Fetal development (Papers I and III) 
 
LM-111 is the major LM during very early embryogenesis. Although LM�1 chain is 
widely distributed during development, it is mostly absent in adult tissues (Ekblom et 
al., 2003; Virtanen et al., 2000). Embryogenesis will not proceed without the LM�1 
chain (Colognato and Yurchenco, 2000) and the LM�1 chain is the most widely 
expressed LM chain (Ekblom and Timpl, 1996; Tunggal et al., 2000). In summary, 
LM-111 (former laminin-1) and LM-511 (former laminin-10) are crucial for 
developmental events (Miner and Yurchenco, 2004). 
In our study, there were important temporal differences in the presence of LM�1 
chain as it disappeared from the BM of the corneal epithelium after 12 wg, from the 
DM after 17 wg and from the BrM at around 20 wg.  A difference of approximately 5 
weeks between the corneal epithelial BM and the DM indicates an independent 
regulation for the expression of LM�1 chain in these two parts of the cornea. We 
found a widespread temporal and spatial distribution of both LM�1 and �1 chains, 
suggesting a developmental transition in LM� chain deposition. LM-111 is likely 
replaced by other LM heterotrimers or simply may no longer be needed at later 
developmental ages. Developmental transitions in the expression patterns of LM 
chains have been reported for other tissues, such as the kidney and skeletal muscle 
(Miner and Yurchenco, 2004). 
 
LM�2 chain has been reported in developing lung (Nguyen et al., 2000), developing 
and adult human skeletal muscle and peripheral nerve, (Kjellgren et al., 2004; 
Pedrosa-Domellöf et al., 2000) in developing and adult brain (Colognato and 
Yurchenco, 2000; Morissette and Carbonetto, 1995; Tian et al., 1997) as well as in the 
retinal vasculature (Libby et al., 2000). Our data showed that LM�2 chain was 
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present in extraocular muscles from 10 wg, but it was not detected in the BMs of the 
developing human eye. 
 
LM�3, �3 and �2 chains were detected in the BM of the corneal epithelium at all 
examined ages. We suggest that they may be part of LM-332, which is known to be 
part of hemidesmosomes connecting basal cells in the corneal epithelium to the 
underlying BM (Baker et al., 1996; Ebihara et al., 2001). This LM isoform is relevant 
for eye disease, as a mutation in the LM�3 gene causes the rare laryngo-onycho-
cutaneous syndrome with the development of granulation tissue affecting the eye 
with an aggressive pterygium, symblefaron and corneal scarring (McLean et al., 
2003). In addition, we found LM�3 chain in the BrM during development, a finding 
that supports earlier discussions about hemidesmosomes keeping BrM and the RPE 
together (Marshall et al., 1992). 
 
LM�3 chain was also present around lens epithelial cells, retinal cells and more 
distinctly in the interphotoreceptor matrix (IPM), indicating that LMs are also likely 
to participate in cell to cell adhesion in the developing human eye. A similar 
distribution for LM�3 and LM�2 chain in the floor plate of the neural tube at nearly 
the same stage has earlier been reported (Aberdam et al., 1994; Ryan and Christiano, 
1996), suggesting that both chains may contribute to neural development. 
Interestingly, we found similar presence of these chains in the developing human 
retina.  
 
LM�4 chain has a wide distribution in developing and adult human tissues, 
(Petäjäniemi et al., 2002) mainly in BMs of mesodermal origin. This chain is present 
in all endothelial BMs, except the glomerular BM, and some epithelial BMs. In 
addition, LM�4 chain has been detected in rat and human retinae (Libby et al., 
2000). The corneal endothelium is of mesenchymal origin (Barishak, 2001) and 
accordingly the LM�4 chain was present in the DM in our study as well. The BM of 
the corneal epithelium contained the LM�4 chain from 10 wg. This is a finding that 
parallels the presence of this isoform in the epithelial BM of the skin (Petäjäniemi et 
al., 2002).  
 
LM�5 chain is present in most BMs of both epithelia and endothelia, (Miner et al., 
1997; Sorokin et al., 1997; Tunggal et al., 2000) and it was widely expressed in the 
human eye both temporally and spatially. Previous studies on ko mice and 
invertebrates suggest that LM�5 and �1 chains are the most necessary of the LM� 
subunits during the earliest developmental stages and also the most ancient in 
evolutionary terms (Miner and Yurchenco, 2004).  
 
LM�2 chain was present in both the lens capsule and in the BMs of the retina through 
all examined ages. LM�2 chain has earlier been detected around cells in the inner 
nuclear layer of the adult human retina and in the ILM. In addition, it has been 
shown to take part in directing photoreceptor development and is an important 
component of interphotoreceptor matrix in developing rat retina (Libby et al., 1996). 
These previous results are further strengthened by our finding of LM�2 chain in the 
interphotoreceptor matrix together with LM�3 chain. The detection of both LM�2 
and �3 chains also support earlier data suggesting the presence of a novel laminin, 
LM-323, in rat and adult human retina (Libby et al., 2000). We did not find LM�3 
chain in the retina at these ages and thus the alternative presence of LM-332 is 
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unlikely. Pierson syndrome illustrates the importance of the LM�2 chain for the 
formation of the eye. This is a human ocular syndrome caused by LM�2 deficiency 
and involves hypoplasia of the ciliary and pupillary muscles, hypoplasia of the iris 
and ciliary body, lens malformation, corneal and retinal anomalies and renal failure 
(Zenker et al., 2004).  
 
The identical LM composition found in the lens capsule and the ILM at all examined 
ages likely reflects the fact that the lens epithelial cells also produce ECM for the ILM 
during embryogenesis (Halfter et al., 2005). Of all the BMs in the eye these two BMs 
are the only that are in contact with cells on only one side. The lens capsule encloses 
the lens fibers and is in contact with the aqueous humor at the anterior side and with 
the vitreous on the posterior surface. The ILM is the BM for the M�ller cells of the 
retina on the posterior side but is apposed to the vitreous body on the anterior side. 
Whether the exact same LM chain composition observed in the lens capsule and ILM 
is related to these special spatial relations remains to be investigated. 
 
To summarize the LM contents in the different BMs temporally we propose the 
presence of as many as five different LMs in the corneal epithelial BM in early 
development, namely LM-111, LM-332, LM-311, LM-411 and LM-511. Note that these 
include the two primordial LMs, LM-111 and LM-511, suggested to be crucial for 
developmental events (Miner and Yurchenco, 2004). At 20 wg the possible number of 
LMs has already been reduced to three; LM-332, LM-311 and LM-511, due to the 
absence of LM�1 and �4 chains. 
We detected LM chains in the DM from 11 wg. The LM chains detected in the DM 
may theoretically combine to form several LMs from early ages, i.e. LM-111, LM-411 
and LM-511 of which only LM-511 persisted at 20 wg. 
The lens capsule and the ILM were the only BMs without changes in LM composition 
over time. Their LM chain content suggested the presence of LM-111, LM-121, LM-511 
and LM-521. 
In the BrM the different LM chains detected could combine into as many as eight 
different LM heterotrimers from early fetal development; LM-111, LM-121, LM-311, 
LM-321, LM-411, LM-421, LM-511 and LM-521. Most of these LM combinations could 
remain over all examined ages, although the disappearance of LM�1 chain after 17 wg 
hampers the presence of LM-111 and LM-121 at higher ages. This is consistent with 
the data showing that LM�1 chain is mostly absent in adult tissues (Virtanen et al., 
2000). 
 
The possible presence of many different LM heterotrimers in each BM may either 
reflect that they could have different roles to fulfill in the BMs, or that there is some 
degree of redundancy meaning that they could substitute for each other. However, 
there are distinct spatial differences in the number of possible LM combinations over 
time, e.g. at 20 wg the only possible LM in the DM is LM-511 whereas the corneal 
epithelial BM at the same age could include three different LMs (LM-332, LM-311 
and LM-511) and the BrM as many as six (LM-311, LM-321, LM-411, LM-421, LM-511 
and LM-521). The BMs give mechanical support for epithelial and endothelial cells 
and also influence cell proliferation, survival, migration and differentiation (Miner 
and Yurchenco, 2004). The endothelium of the cornea has so far been suggested not 
to regenerate (Engelmann et al., 1999) and thus the cell-turnover and need for 
migrational and proliferative cues from the BM ought to be much less concerning the 
DM than other ocular BMs serving cells capable of regeneration. The BrM is in 
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contact both with the retina and the choroid with its blood vessels and the multiple 
LMs might interact with different ligands in this ECM. This could parallel findings in 
lung development, another tissue in which the ECM is in contact with many different 
ligands and where e.g. all � chains except �4 are present (Nguyen et al., 2000). 
 
 
In paper III, we investigated the �11 integrin chain during development. Integrins 
mediate signaling between cells and ECM and hence regulate cell survival, 
proliferation and differentiation (Berrier and Yamada, 2007; Luo et al., 2007), 
important events in development. Alpha11 integrin chain is part of the �11�1 integrin, 
a receptor for collagen I (Tiger et al., 2001), the most abundant molecule in the 
corneal stroma. The stability and transparency of the cornea is dependent on the 
precise organization of the ECM. Our finding of scattered �11 integrin chain in the 
whole corneal stroma at 10 wg, suggest a homogen collagen organization activity 
from early fetal development. The collagen bundles are more compactly packed and 
interwoven in the anterior stroma of the adult cornea (Fine and Yanoff, 1979; Muller 
et al., 2001). In line with this fact, the staining for �11 integrin chain was denser in 
the anterior part at 11-17 wg suggesting this period to be important for the tighter 
organization of collagen fibrils in this part of the cornea. At 20 wg the presence of �11 
integrin chain was more discrete and the staining pattern resembled that found in 
adult normal corneas (paper III). 
 
 
Adult human corneas (Papers II and III) 
 
Different LM chain defects have been implicated in ocular disease (Ebihara et al., 
2001; Gilmour et al., 2001; Wewer et al., 1995; Zenker et al., 2004) and there has 
been some earlier controversy concerning the LM composition of the human corneal 
epithelial BM (Filenius et al., 2001; Kenney et al., 1997; Ljubimov et al., 1996b; 
Ljubimov et al., 1998; Tuori et al., 1996). In addition, the most recently described 
integrin chain, �11, has a high activity in the human corneal stroma during 
development suggesting an important role in collagen deposition.  
 
Paper II focused on a thorough investigation of the LM chains in the corneal 
epithelial BM and the DM, whereas paper III examined the presence of the �11 
integrin chain in the cornea. In the latter work we also studied the possible cellular 
source of �11 integrin chain. 
 
All diseased corneas examined exhibited pathologic morphological features. 
However, the LM chain composition of their epithelial BM was identical to that of the 
central part of the normal corneas (figure 13). The possible LM combinations also 
corresponded well to those detected in the fetal corneas at 20 wg, i.e. LM-332, LM-
311 and LM-511. The epithelial BM of two keratoconus corneas with scarring 
additionally expressed the LM�4 chain, typical of early fetal development. The 
presence of LM�4 chain in these keratoconus corneas could either be an effect of the 
wound healing process or reflect failure of developmental downregulation of this LM 
chain. 
  
The DM of both normal and diseased corneas contained the subunits for LM-511 
(figure 13), as was also the case at 20 wg. However, the majority of keratoconus 
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corneas showed novel immunoreactivity for LM�3 and �2 chains and in three cases 
for LM�3 chain, in the DM, indicating the presence of LM-332, which is otherwise 
characteristic for the epithelial BM (Baker et al., 1996; Ebihara et al., 2001). LM�3 
chain was found in the fetal DM at 17-20 wg but it was absent in normal adult corneas 
suggesting that its expression is developmentally regulated. LM�2 chain was absent in 
the fetal DM. Abnormalities localized in the stromal portion of the DM are considered 
to have a developmental origin as the stromal part of the DM is produced in the 
prenatal period (Johnson et al., 1982; Murphy et al., 1984). Our findings of LM�3, �3 
and �2 chains in the stromal portion of the DM in keratoconus thus suggest a 
prenatally disturbed and atypical LM production and imply that some cases of 
keratoconus would be congenital and over time develop into clinically significant 
disease, as it is the case in early-onset Fuchs' dystrophy with abnormal assembly of 
collagen VIII in the DM (Gottsch et al., 2005). This is in line with the fact that 
keratoconus preferably affects younger people. Previous ultrastructural studies have 
demonstrated endothelial cell pleomorphism, cell degeneration and ruptures in the 
keratoconus DM (Hollingsworth et al., 2005; Laing et al., 1979; Stone et al., 1976; 
Sturbaum and Peiffer, 1993). The possible relationship between the novel presence of 
LM�3, �3 and �2 chains (LM-332) and the abnormal endothelial cell morphology 
mentioned above remains to be investigated.  
 
Novel expression of LM chains and �11 integrin chains in subepithelial patchy areas 
located beneath areas of disarray of the epithelial BM and breaks in Bowman’s layer 
correlated with the presence of clinically significant scarring in the keratoconus 
corneas. Earlier studies suggest that ruptured areas in Bowman’s layer are filled with 
proliferating collagenous tissue from the anterior stroma (Sawaguchi et al., 1998). 
The integrity of the epithelial BM is important in maintaining corneal homeostasis. 
Instead, a rupture in the BM releases the cytokine TGF-� from the epithelium to the 
stroma inducing the transformation of keratocytes to myofibroblasts. Staining with 
abs to �-SMA in the areas with disturbed epithelial BM confirmed the local presence 
of myofibroblasts, known to take part in wound-healing processes (Koulikovska et al., 
2005; Nakamura, 2003) and we propose that they are responsible for the ectopic 
production of LMs and �11 integrin chains. The co-detection and distinct 
upregulation by TGF-� of �11 integrin chain and �-SMA in cultured human 
keratocytes/myofibroblasts further support the hypothesis of transformed 
keratocytes as the source of this integrin chain. 
 
Many BKP corneas and the DLKP case presented a more distinct anti �11 integrin 
staining in the posterior stroma. This may be interpreted as indication of 
reorganization of the collagen molecules which might precede the retrocorneal 
fibrous membrane seen in advanced cases of BKP (Ljubimov et al., 1996a). 
Additionally, in the interface between donor and host in the DLKP cornea there was 
novel accumulation of LM�3, �4, �5, �1 and �2 chains, which may partly reflect the 
presence of remnants of the donor DM, given that myofibroblasts were not found in 
this region. 
 
In our study, the LM�1 chain was absent in both the epithelial BM and the DM, in 
agreement with Filenius et al 2001 (Filenius et al., 2001). This is in line with our 
previous developmental data showing the disappearance of this chain from the 
epithelial BM of the human cornea after 12 wg and from the DM after 17 wg. 
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The similar staining patterns noted for �11 integrin chain and collagen V, suggest that 
collagen V also might be an important ligand for �11�1 integrin.  
  
Altogether, these findings suggest an important role for LM and �11 integrin chains in 
pathological processes in the cornea where disruptions in the epithelial BM and 
Bowman’s layer seem to be crucial. 
 
 
Corneal wound healing (Paper IV) 
 
The studies on human fetal and adult corneas led us to propose a role for �11 integrin 
chain in the process of collagen organization during fetal development and in disease 
with a scarring component.  
 
Unexpectedly, corneas from unchallenged ko mice did not differ from normal 
untreated corneas. Either �11 integrin chain lacks a role in collagen organization 
during fetal development, or it may be substituted for by other ECM receptors or 
there may be important differences between the mouse and the human cornea with 
respect to this integrin chain. Although we can try to investigate whether 
heterozygotic rodents have a similar pattern of expression for �11 integrin in the 
developing cornea as we found in human, the present findings indicate that �11 
integrin chain is not crucial for proper collagen organization in the mouse cornea. 
Skin wound healing in rodents differs from that seen in humans, as rodents mainly 
do not heal by granulation tissue formation (Lindblad, 2008). Parallel differences in 
corneal wound healing between species may explain the lack of increase of �11 
integrin chain and its ligands like collagens type I and IV in normal laser treated 
mouse corneas. Redundancy is a possible explanation for the lack of importance of 
�11 integrin chain in the mouse cornea. It has been previously shown that a specific 
gene ko may result in apparently normal wound healing, because the absence of a 
single ligand may be compensated for by other subunits (Fang and Mustoe, 2008).  
 
In our study, the most striking finding was the relative difference in corneal stromal 
thickness observed at the latest time point. The treated corneas of ko mice became 
significantly thinner than their control fellow corneas, the normal treated and the 
untreated corneas. This suggests an important role for �11 integrin chain in the late 
remodeling phase of the wound healing process. It could either reflect that �11 
integrin chain is a late participant in the process or that at the earlier time points it 
can be compensated for by the overlapping capacity of other integrin chains. It is well 
known that an individual integrin heterotrimer recognizes many ligands in the ECM, 
and that these in turn can bind many different integrin receptors (De Arcangelis and 
Georges-Labouesse, 2000). The laser treated corneas of ko mice generally presented 
more irregular collagen lamellae with more space in between. This parallels the 
finding that fibroblasts lacking �11 integrin chain have a reduced capacity to contract 
collagen matrices in vitro (Popova et al., 2007a). This irregular morphology of 
collagen lamellae fits the finding in apical scars of human keratoconus corneas where 
the normal regular orthogonal lamellae arrangement is destroyed (Daxer and Fratzl, 
1997). 
 
It is known that mice are relatively resistant to haze generation following PRK and 
the weak �-SMA reaction observed in our study parallels this suggestion. Irregular 
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PRK performed after epithelial scraping has been the most effective method for 
generating myofibroblasts in the mouse cornea (Mohan et al., 2008). Our results 
from paper III suggest myofibroblasts as the source for �11 integrin chain. Our laser 
treatment may therefore have been too smooth to induce significant myofibroblast 
transformation and enhanced production of �11 integrin chain in the normal mice.  
 
In our study the thickness ratios between the laser treated ko mice and their fellow 
corneas at the last time point closely resembled the ratios at the earliest time point. 
Put differently, the intended treatment depth in the corneas at the first time point 
persisted in the ko mice, whereas the corneas completely recovered their thickness in 
the normal mice. This effect observed in the laser treated ko mice would be desirable 
when treating corneas with PRK for high myopias, as a problem in those cases is the 
unwished regression of intended treatment (Giancotti and Ruoslahti, 1999). In other 
words, inhibition of the �11 integrin chain may potentially be of clinical interest, in 
particular for refractive surgery procedures.  
 
 
Future investigations 
 
Our study suggests a role for �11 integrin chain in the late remodeling phase of 
corneal wound healing and in the process of regular collagen deposition. Earlier 
studies also point in this direction as fibroblasts lacking �11�1 integrin in cell culture 
have a reduced ability to contract collagen matrices (Popova et al., 2007a). In line 
with these suggestions, we have started a study with cultured keratocytes from 
normal mice and �11 integrin-deficient mice with the aim to investigate their ability 
to contract collagen matrices. 
  
We did not observe any upregulation of �11 integrin chain in the normal laser treated 
mice, although this integrin chain was expected to be important for wound-healing. 
Immunohistochemical investigations are not quantitative and therefore a discrete 
upregulation can be hard to detect. However, another explanation may be that �11 
integrin chain acts late in the process. We are now planning further studies using a 
larger number of ko mice and with longer follow up time. 
 
In paper III we speculate that breaks in the epithelial BM and Bowman’s layer are 
crucial for the upregulation of �11 integrin chain and other participants in the wound 
healing process. It would be interesting to create a model with controlled minor 
breaks in the epithelial BM and Bowman’s layer to analyze the response of �11 
integrin chain, TGF-�, �-SMA, types I, IV and V collagen, LM-chains and CD34 in 
both normal and �11 integrin ko mice.  
 
In paper II we detected LM�3 and �2 chains in the DM of the keratoconus corneas 
and in three of them also LM�3 chain. The combination of these chains, LM-332, is 
otherwise seen in epithelial BMs both in the cornea and skin (Baker et al., 1996). The 
presence of these novel LM chains in the stromal part of the DM suggests a congenital 
defect in the LM downregulation in some keratoconus cases. It is known that some 
patients with keratoconus also suffer from atopic skin disease (Krachmer et al., 
1984). It would be interesting to study skin biopsies from keratoconus patients and 
normal controls with respect to the chains of LM-332 and the hemidesmosomes. This 
would be most interesting in keratoconus cases undergoing corneal transplantation 
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as the composition of the DM could be investigated and compared with the skin 
biopsy. 
 
The BMs of the cornea in infants and normal adults show differences in composition 
regarding the � chains in type IV collagen (Kabosova et al., 2007). Our preliminary 
results show differences in the collagen composition in these structures in different 
corneal diseases and we intend to further investigate whether they may coincide with 
the atypical presence of LM-332 in the DM of keratoconus corneas. 
 
LM�3 chain can both support migration and adhesion, two opposite actions 
(Goldfinger et al., 1998) depending on an eventual cleavage in the LM�3 subunit 
(Sugawara et al., 2008). During fetal development both these processes are 
important. Tools are now available to detect these two forms of LM�3 chain and it 
would be of great interest to investigate eventual differences in their patterns of 
expression in ocular development. 
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CONCLUSIONS 
 
 
LM�1, �3, �4, �5, �1, �2, �3, �1 and �2 chains are present in the BMs of the 
developing human eye and have distinct spatial and temporal patterns of 
distribution, indicating a high degree of complexity and suggesting an important role 
for different LM chains in human ocular differentiation. 
 
The LM composition of the epithelial BM is similar in normal and diseased corneas: 
LM�3, �5, �1, �3, �1 and �2, although the morphology of this BM is altered in the 
different diseases. The DM contains LM�5, �1 and �1 chains in all cases and in 
addition LM�3 and �2 chains in the majority of keratoconus corneas. 
    
Whether the ectopic expression of most likely LM-332 (�3�3�2) in the stromal part of 
the DM is a consequence or a cause of advanced keratoconus can not be determined 
in the present study but it suggests that the pathogenesis of some keratoconus might 
have a fetal component as the stromal layer of the DM forms during the prenatal 
period. 
 
The �11 integrin chain is present in the corneal stroma early in human fetal 
development, it is scarce in the normal adult cornea and it appears to be upregulated 
in the anterior stroma of scarred keratoconus corneas. 
 
Disruptions of the corneal epithelial BM and Bowman’s layer correlate with localized 
accumulation of myofibroblasts, ectopic LM chains and �11 integrin chain. The 
development of tools that inhibit these reactions is likely to have clinical impact in the 
prevention of corneal opacifications. 
 
Myofibroblats produce �11 integrin in vitro and they are likely to be the cellular 
source of �11 integrin in scarred corneas.  
 
�11 integrin is not indispensable for normal corneal development in mice but the lack 
of �11 integrin leads to defective remodeling of the stroma.
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   -EPILOGUE- 

 

 

 

Det är med tunnpannkakor som med livet: 
just när det börjar gå riktigt bra tar smeten slut. 

Margareta Ekström 

 

 

och 

 

 

Har du någonsin sett en tiger värma upp? 
Herb Elliot 

 


